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Abstract:	  Being	  able	  to	  reduce	  the	  size	  of	  a	  rheometer	  down	  to	  the	  micron	  scale	  is	  a	  unique	  opportunity	  
to	   explore	   the	   mechanical	   response	   of	   expensive	   and/or	   confined	   liquids	   and	   gels.	   To	   this	   aim,	   we	  
synthesize	   micron	   size	   wires	   with	   magnetic	   properties	   and	   examine	   the	   possibility	   of	   using	   them	   as	  
microrheology	   probes.	   In	   this	  work,	  we	   exploit	   the	   technique	  of	   rotational	  magnetic	   spectroscopy	   by	  
placing	  a	  wire	  in	  a	  rotating	  magnetic	  field	  and	  monitor	  its	  temporal	  evolution	  by	  time-­‐lapse	  microscopy.	  
The	  wire-­‐based	  microrheology	   technique	   is	   tested	   on	  wormlike	  micellar	   surfactant	   solutions	   showing	  
very	  different	  relaxation	  dynamics	  and	  viscosities.	  A	  model	  for	  the	  wire	  rotation	  is	  also	  developed	  and	  
used	  to	  predict	  the	  wire	  behavior.	  It	  is	  shown	  that	  the	  rheological	  parameters	  of	  the	  surfactant	  solutions	  
including	   the	   static	   shear	   viscosity,	   the	   entangled	   micellar	   network	   relaxation	   time	   and	   the	   elastic	  
modulus	  are	  in	  good	  agreement	  with	  those	  of	  conventional	  rheometry.	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I	  -­‐	  Introduction	  
Rheology	  is	  the	  study	  of	  how	  complex	  fluids	  flow	  and	  deform	  under	  stress	  [1,	  2].	  Traditional	  rheometers	  
measure	  the	  frequency-­‐dependent	  linear	  viscoelastic	  relationship	  between	  strain	  and	  stress	  on	  milliliter	  
scale	   samples.	   Microrheology	   in	   contrast	   measures	   these	   quantities	   using	   colloidal	   probes	   directly	  
embedded	  in	  the	  fluid	  [3,	  4].	  Fluids	  produced	  in	  tiny	  amounts	  or	  confined	  in	  small	  volumes,	  down	  to	  1	  
picoliter	   can	  be	   examined	  by	   this	   technique.	   The	  past	   20	   years	   have	   seen	   significant	   advances	   in	   the	  
field,	  both	  theoretically	  and	  experimentally	  [5].	  	  
In	   microrheology,	   the	   objective	   is	   to	   translate	   the	   motion	   of	   a	   probe	   particle	   into	   the	   relevant	  
rheological	   quantities	   such	   as	   the	   elastic	   complex	   modulus	   or	   the	   creep	   response	   function	   [6,	   7].	  
Following	  the	  work	  by	  Crick	  and	  Hughes	  [8],	  recent	  studies	  have	  shown	  that	  microrheology	  based	  on	  the	  
use	  of	  anisotropic	  probes,	  such	  as	  wires,	  rods	  or	  needles	  could	  bring	  notable	  contributions	  to	  the	  field	  
[5,	  9-­‐20].	  Anisotropic	  probes	  present	  many	  advantages	  compared	  to	  spherical	  ones,	  in	  particular	  these	  
probes	   behave	   like	   conventional	   stress	   rheometer	   when	   subjected	   to	   an	   external	   field.	   It	   has	   been	  
found	  for	  instance	  that	  the	  static	  viscosity	  of	  a	  Newtonian	  fluid	  can	  be	  determined	  from	  the	  motion	  of	  
micro-­‐actuators	  submitted	  to	  rotating	  electric	  or	  magnetic	  fields	  [21-­‐23].	  In	  these	  studies,	  the	  response	  
of	   the	   probe	   over	   a	   broad	   spectral	   range	   appears	   as	   a	   resonance	   peak	   similar	   to	   that	   found	   in	  
mechanical	   systems	   [24].	   This	   technique	   was	   thereafter	   described	   as	   a	   spectroscopic	   method	   for	  
probing	   fluid	   viscosity,	   and	   dubbed	   electric	   or	   magnetic	   rotation	   spectroscopy	   [25,	   26].	   Here,	   we	  
combine	   this	   steady	   rotation	   technique	   along	   with	   micromechanical	   response	   modeling	   to	   examine	  
complex	   fluids	  displaying	  both	  viscosity	  and	  elasticity	  effects.	   The	  method	   is	  based	  on	   the	   tracking	  of	  
magnetic	  wires	  submitted	  to	  a	  rotational	  magnetic	  field	  at	  increasing	  frequencies,	  and	  on	  the	  analysis	  of	  
their	  temporal	  trajectories	  [10,	  11,	  14,	  17,	  19,	  21,	  26-­‐29].	  
In	   this	  work,	  we	   first	   introduce	  a	  mechanical	  model	   for	   the	  magnetic	  wire	   rotation	   in	  Maxwell	   fluids.	  
Magnetic	  rotational	  spectroscopy	  is	  thereafter	  implemented	  on	  surfactant	  wormlike	  micellar	  solutions.	  
The	  solutions	  investigated	  are	  a	  mixture	  of	  cetylpyridinium	  chloride	  (CPCl)	  and	  sodium	  salicylate	  (NaSal)	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and	   a	  mixture	  of	   cetyltrimethylammonium	  bromide	   (CTAB)	   and	  NaSal.	   Following	   the	  work	  by	  Rehage	  
and	   Hoffman	   [30,	   31]	   CPCl/NaSal	   and	   CTAB/NaSal	   are	   known	   to	   self-­‐assemble	   spontaneously	   into	  
micrometer	   long	  wormlike	  micelles	  and	  to	  build	  semi-­‐dilute	  entangled	  networks	  [32-­‐34].	  This	  network	  
confers	   to	   the	   solution	  a	  Maxwell-­‐type	  viscoelastic	  behavior	   [1].	   In	   this	   study,	  we	  compare	   surfactant	  
solutions	  that	  are	  characterized	  by	  different	  relaxation	  dynamics	  and	  viscosities.	  It	  is	  shown	  that	  in	  such	  
conditions	  the	  wire	  motion	  exhibit	  a	  wide	  variety	  of	  behaviors	  as	  a	  function	  of	  the	  time,	  including	  steady	  
rotation,	  oscillations,	  continuous	  and	  discontinuous	  back	  motions.	  These	  behaviors	  depend	  on	  a	  newly	  
defined	  parameter	  expressed	  as	  the	  product	  of	  the	  Maxwell	  relaxation	  time	  and	  critical	  frequency.	  The	  
rheological	   parameters	   of	   the	   surfactant	   solutions	   studied	   are	   in	   good	   agreement	   with	   those	   of	  
conventional	  rheometry.	  	  
	  
	  
II	  –	  Materials	  and	  Methods	  
II.1	  -­‐	  Iron	  oxide	  nanowires	  
Iron	   oxide	   nanoparticles	  were	   synthesized	   by	   co-­‐precipitation	   of	   iron(II)	   and	   iron(III)	   salts	   in	   aqueous	  
media	  and	  by	  further	  oxidation	  of	  the	  magnetite	  (Fe3O4)	  into	  maghemite	  (γ-­‐Fe2O3)	  [35,	  36].	  The	  particle	  
size	   and	   dispersity	   were	   determined	   from	   transmission	   electron	  microscopy	   (Jeol-­‐100	   CX)	   at	  𝐷𝐷!"#	   =	  
13.2	  nm	  and	  𝑠𝑠!"#	  =	  0.23,	  whereas	  the	  maghemite	  structure	  was	  assessed	  by	  electron	  beam	  diffraction	  
[37].	  Light	  scattering	  (NanoZS,	  Malvern)	  was	  used	  to	  measure	  the	  weight-­‐average	  molecular	  weight	  (𝑀𝑀!	  
=	   12×103	   kDa)	   and	   the	   hydrodynamic	   diameter	   (𝐷𝐷! 	   =	   27	   nm)	   of	   the	   uncoated	   particles	   [35,	   36].	   The	  
wires	  were	  made	  according	  to	  a	  bottom-­‐up	  co-­‐assembly	  process	  using	  the	  γ-­‐Fe2O3	  particles	  coated	  with	  
poly(acrylic)	   acid	   together	   with	   cationic	   polymers	   [37,	   38].	   The	   polymer	   used	   was	  
poly(diallyldimethylammonium	  chloride)	  (PDADMAC,	  Sigma	  Aldrich)	  of	  molecular	  weight	  𝑀𝑀!	  =	  26.8	  kDa.	  
Determined	  by	  size	  exclusion	  chromatography,	  the	  degree	  of	  polymerization	  and	  the	  dispersity	  Đ	  were	  
found	   equal	   to	   50	   and	   to	   3.5	   respectively.	   The	   wires	   dispersion	   was	   autoclaved	   at	   120	   °C	   and	  
atmospheric	  pressure	  during	  20	  minutes	  to	  prevent	  bacterial	  contamination	  and	  stored	  at	  4	  °C.	  	  
	  
II.2	  –	  Maxwell	  viscoelastic	  solutions	  
The	  surfactant	  solutions	   investigated	  were	  a	  mixture	  of	  cetylpyridinium	  chloride	  and	  sodium	  salicylate	  
at	   a	   concentration	   of	   2	   wt.	   %	   in	   0.5M	   NaCl	   [30,	   33,	   34]	   and	   a	   mixture	   of	   cetyltrimethylammonium	  
bromide	  and	  sodium	  salicylate	  at	  c	  =	  1	  wt.	  %	  [31].	  At	  the	  concentration	  of	  1	  -­‐	  2	  wt.	  %,	  the	  network	  mesh	  
size	   is	   of	   the	   order	   of	   30	   nm,	   i.e.	   much	   smaller	   than	   the	   wire	   diameter	   [33].	   A	   cone-­‐and-­‐plate	   and	  
controlled	   shear	   rate	   rheometer	   (diameter	   50	   mm,	   MCR	   500	   Physica)	   was	   used	   to	   determine	   the	  
frequency	  dependence	  of	  the	  elastic	  complex	  modulus	  𝐺𝐺∗(𝜔𝜔)   =   𝐺𝐺′(𝜔𝜔)   +   𝑖𝑖𝑖𝑖′′(𝜔𝜔).	  At	  the	  temperature	  
T	  =	  27	  °C,	  the	  two	  wormlike	  micellar	  fluids	  studied	  are	  almost	  perfect	  Maxwell	  fluids,	  i.e.	  characterized	  
by	  a	  unique	  relaxation	  time.	  CPCl/NaSal	  at	  2	  wt.	  %	  is	  associated	  with	  a	  static	  viscosity	  𝜂𝜂!	  =	  1.0	  ±	  0.1	  Pa	  s,	  
a	  relaxation	  time	  𝜏𝜏	  =	  0.14	  ±	  0.01	  s	  and	  an	  elastic	  modulus	  𝐺𝐺	  =	  7.1	  ±	  0.1	  Pa,	  whereas	  CTAB/NaSal	  1	  wt.	  %	  
is	  given	  with	  𝜂𝜂!	  =	  40	  ±	  4	  Pa	  s,	  𝜏𝜏	  =	  23	  ±	  3	  s	  and	  an	  elastic	  modulus	  𝐺𝐺	  =	  1.7	  ±	  0.2	  Pa.	  The	  two	  fluids	  have	  
hence	  a	  similar	  entangled	  network	  structure,	  but	  differ	  in	  their	  micellar	  network	  dynamics.	  The	  breaking	  
and	  recombination	  time	  𝜏𝜏	  for	  CTAB/NaSal	  is	  around	  160	  times	  larger	  than	  that	  of	  CPCl/NaSal.	  	  
	  
II.3	  -­‐	  Microrheology	  and	  electromagnetic	  coils	  device	  
Bright	  field	  microscopy	  was	  used	  to	  monitor	  the	  wire	  actuation	  as	  a	  function	  of	  time.	  Stacks	  of	  images	  
were	  acquired	  on	  an	  IX73	  inverted	  microscope	  (Olympus)	  equipped	  with	  a	  100×	  objective.	  For	  magnetic	  
rotation	   spectroscopy	   experiments,	   65	   µl	   of	   surfactant	   solution	  were	   deposited	   on	   a	   glass	   plate	   and	  
sealed	   into	   to	   a	   Gene	   Frame®	   (Abgene/Advanced	   Biotech)	   dual	   adhesive	   system.	   The	   glass	   plate	  was	  
introduced	  into	  a	  homemade	  device	  generating	  a	  rotational	  magnetic	  field,	  thanks	  to	  two	  pairs	  of	  coils	  
(23	   Ω)	   working	   with	   a	   90°-­‐phase	   shift	   (Fig.	   1a).	   An	   electronic	   set-­‐up	   allowed	   measurements	   in	   the	  
frequency	  range	  10-­‐3	  -­‐	  100	  rad	  s-­‐1	  and	  at	  magnetic	  fields	  B	  =	  0	  –	  20	  mTesla.	  Fig.	  1b	  displays	  the	  magnetic	  
field	  distributions	  between	  the	  poles	  of	  the	  electromagnetic	  coils	  in	  the	  X-­‐	  and	  Y-­‐directions.	  The	  image	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acquisition	  system	  consisted	  of	  an	  EXi	  Blue	  CCD	  camera	  (QImaging)	  working	  with	  Metaview	  (Universal	  
Imaging).	   Images	   were	   digitized	   and	   treated	   by	   the	   ImageJ	   software	   and	   plugins.	   Fig.	   1c	   shows	  
snapshots	  of	  a	  rotating	  10	  µm	  wire	  in	  a	  85	  wt.	  %	  water-­‐glycerol	  (Aldrich)	  mixture	  at	  fixed	  time	  interval	  
during	  a	  180°	  rotation.	  For	  the	  wire	  magnetic	  property	  calibration,	  experiments	  were	  performed	  on	  a	  85	  
wt.	  %	  water-­‐glycerol	  mixture	  of	  static	  viscosity	  𝜂𝜂!	  =	  0.062	  Pa	  s
-­‐1	  (T	  =	  32	  °C).	  
	  
	  
Figure	  1:	  a)	  Top	  and	  side	  views	  of	   the	   rotating	   field	  device	  used	   in	   this	   study.	  b)	  Magnetic	   field	  distributions	  are	  
shown	   along	   the	   X	   and	   Y-­‐direction	   of	   a	   four-­‐coil	   device	   of	   resistance	   23	  𝛺𝛺.	   In	   the	   center,	   the	  magnetic	   field	   is	  
constant	  over	  a	  surface	  of	  1×1	  mm2.	  c)	  Snapshots	  of	  a	  10	  µm	  rotating	  wire.	  The	  time	  scale	  between	  two	  successive	  
images	  is	  46	  ms.	  
	  
	  
III	  –	  Results	  and	  Discussion	  
III.1	  –	  Modeling	  wire	  rotation	  in	  Newtonian	  and	  Maxwell	  fluids	  
Newtonian	  liquid	  
In	  continuum	  mechanics,	  a	  Newtonian	  fluid	  of	  viscosity	  𝜂𝜂!	  is	  described	  by	  a	  dashpot	  [2].	  In	  such	  a	  fluid,	  a	  
wire	   submitted	   to	   a	   rotating	   field	   experiences	   a	   restoring	   torque	   that	   slows	   down	   its	   motion.	   With	  
increasing	   frequency,	   the	   wire	   undergoes	   a	   transition	   between	   a	   synchronous	   and	   an	   asynchronous	  
regime.	  The	  critical	  frequency	  𝜔𝜔! 	  between	  these	  two	  regimes	  reads	  [21-­‐23]:	  
𝜔𝜔! =
3
8
𝜇𝜇!Δ𝜒𝜒
𝜂𝜂!
𝑔𝑔
𝐿𝐿
𝐷𝐷
𝐷𝐷!
𝐿𝐿!
𝐻𝐻!                                                                                                                            (1)	  
where	   𝜇𝜇!	   is	   the	   permeability	   in	   vacuum,	   𝐿𝐿	   and	   𝐷𝐷	   the	   wire	   length	   and	   diameter,	   𝐻𝐻	   the	   magnetic	  
excitation	   amplitude	   and	  𝑔𝑔 𝐿𝐿/𝐷𝐷 = 𝑙𝑙𝑙𝑙 𝐿𝐿/𝐷𝐷 − 0.662 + 0.917𝐷𝐷/𝐿𝐿 − 0.050 𝐷𝐷/𝐿𝐿 !	   is	   a	   dimensionless	  
function	   of	   the	   anisotropy	   ratio	   [39].	   In	   Eq.	   1,	   Δ𝜒𝜒 = 𝜒𝜒! (2 + 𝜒𝜒)	   where	   𝜒𝜒	   denotes	   the	   magnetic	  
susceptibility.	   For	   the	   analysis,	   the	   rotation	   angle	  𝜃𝜃(𝑡𝑡)	   describing	   the	  wire	   in-­‐plane	  motion	   is	   derived	  
and	  are	   translated	   into	  a	  set	  of	   two	  parameters:	   the	  average	  rotation	  velocity	  𝛺𝛺 𝜔𝜔 	   for	  both	  regimes	  
and	   the	   oscillation	   amplitude	   𝜃𝜃! ω 	   in	   the	   asynchronous	   regime	   [40].	   The	   average	   angular	   velocity	  
𝛺𝛺(𝜔𝜔)	  expresses	  as:	  	  
𝜔𝜔 ≤ 𝜔𝜔!                     𝛺𝛺 𝜔𝜔 = 𝜔𝜔                                                                                                                                                                            	  
𝜔𝜔 ≥ 𝜔𝜔!                   𝛺𝛺 𝜔𝜔 = 𝜔𝜔 − 𝜔𝜔! − 𝜔𝜔!!                                                                                                          (2)	  
In	  Eq.	  2,	  𝛺𝛺 𝜔𝜔 	   increases	   linearly	  with	  the	  frequency,	  passes	  through	  a	  peaked	  maximum	  at	  𝜔𝜔! 	  before	  
decreasing.	  The	  transition	  between	  the	  synchronous	  and	  asynchronous	  regimes	  is	  used	  for	  calibration	  to	  
determine	   the	   susceptibility	  parameter	  𝛥𝛥𝛥𝛥	   in	  Eq.	  1.	   For	  wires	  made	   from	  13.2	  nm	  particles	  and	   from	  
PADADMAC	  polymers,	  we	  found	  Δ𝜒𝜒	  =	  2.1	  ±	  0.4,	  and	  a	  magnetic	  susceptibility	  𝜒𝜒	  =	  3.4	  ±	  0.4	  [40].	  
	  
Maxwell	  fluid	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A	  Maxwell	  fluid	  is	  described	  by	  a	  spring	  and	  dashpot	  in	  series	  [2].	  An	  actuated	  wire	  immersed	  in	  such	  a	  
medium	  experiences	  a	  viscous	  and	  an	  elastic	  torque	  that	  both	  oppose	  the	  magnetic	  torque.	  The	  main	  
features	   of	   the	  wire	   rotation	   are	   illustrated	   in	   Figs.	   2	   and	   3.	   Fig.	   2a	   shows	   the	   time	   evolution	   of	   the	  
rotation	  angle	  𝜃𝜃(𝑡𝑡)	  at	   frequencies	  below	  𝜔𝜔! ,	  whereas	  Fig.	  2b	  and	  2c	  display	  the	  same	  quantity	  above	  
𝜔𝜔! .	  The	  straight	  line	  in	  red	  indicates	  the	  average	  angular	  velocity	  𝛺𝛺.	  The	  two	  lower	  figures	  differ	  also	  in	  
the	  parameter	  𝜃𝜃!	  defined	  as:	  	  
𝜃𝜃! = lim
!→!
𝜃𝜃!(𝜔𝜔) =
3
4
𝜇𝜇!𝛥𝛥𝛥𝛥
𝐺𝐺
𝑔𝑔(
𝐿𝐿
𝐷𝐷
)
𝐷𝐷!
𝐿𝐿!
𝐻𝐻!                                                                                                            (3)	  
The	  data	  in	  Fig.	  2b	  are	  calculated	  using	  𝜃𝜃!	  =	  0.2	  and	  those	  of	  Fig.	  2c	  for	  𝜃𝜃!	  =	  2.	  In	  the	  regime	  𝜃𝜃! < 1,	  the	  
decrease	  during	  the	  back	  motion	  is	  a	  continuous	  function	  of	  the	  time.	  In	  contrast,	  for	  𝜃𝜃! > 1	  the	  wire	  
rotation	   displays	   a	   mechanical	   instability	   which	   manifests	   itself	   by	   an	   abrupt	   jump	   of	   the	   angle.	  
Combining	  Eqs.	  1	  and	  3,	  one	  gets:	  
𝜃𝜃! = 2𝜔𝜔!𝜏𝜏                                                                                                                                                                              (4)	  
Viscoelastic	  fluids	  for	  which	  𝜃𝜃! > 1	  are	  thus	  characterized	  by	  relaxation	  times	  that	  are	  larger	  that	  half	  of	  
the	   inverse	   critical	   frequency.	   Fig.	   2d	  displays	   the	   schematic	   (τ,ω)-­‐rotation	  diagram	   together	  with	   the	  
aforementioned	  regimes.	  To	  our	  knowledge,	  the	  regime	  of	  long	  relaxation	  times	  (𝜏𝜏 ≫ 1  𝑠𝑠)	  has	  not	  been	  
addressed	  yet	  using	  magnetic	  rotation	  spectroscopy.	  	  
	  
	  
Figure	  2:	  a-­‐c)	  Wire	  orientation	  angle	  𝜃𝜃(𝑡𝑡)	  in	  the	  different	  rotation	  regimes	  below	  and	  above	  the	  critical	  frequency	  
𝜔𝜔! .	   The	   red	   straight	   lines	   represent	   the	  average	  angular	   velocity	  𝛺𝛺 = 𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑.	   The	  𝜃𝜃(𝑡𝑡)-­‐traces	   in	  b)	   and	  c)	  were	  
obtained	  for	  two	  different	  values	  of	  the	  elasticity	  parameter	  (Eq.	  4),	  𝜃𝜃!	  =	  0.2	  and	  2	  respectively.	  d)	  Schematic	  (𝜏𝜏,𝜔𝜔)	  
diagram	  of	  a	  wire	  rotating	  in	  a	  Maxwell	  fluid.	  	  
	  
	  
Fig.	  3a	  displays	  the	  average	  rotation	  frequency	  evolution	  𝛺𝛺 𝜔𝜔 .	  Remarkably,	  the	  frequency	  dependence	  
is	  identical	  to	  that	  of	  a	  Newtonian	  fluid	  (Eq.	  2).	  The	  static	  viscosity	  𝜂𝜂!	  entering	  in	  Eq.	  1	  is	  replaced	  by	  the	  
product	  𝐺𝐺𝐺𝐺,	  where	  𝐺𝐺	  and	  𝜏𝜏	  denote	  the	  elastic	  modulus	  and	  the	  relaxation	  time.	  Fig.	  3b	   illustrates	  the	  
oscillation	   amplitude	  𝜃𝜃! 𝜔𝜔 	   as	   a	   function	   of	   the	   reduced	   frequency.	   It	   is	   calculated	   for	   a	  Newtonian	  
liquid,	  and	   for	  Maxwell	   fluids	  at	  different	  𝜃𝜃!-­‐values	   (0.05,	  0.3,	  0.8,	  1,	  2	  and	  5).	  Slightly	  above	  𝜔𝜔! ,	   the	  
angle	  decreases	  with	  increasing	  frequency	  and	  then	  flattens	  into	  a	  frequency	  independent	  plateau	  at	  𝜃𝜃!.	  
The	  plateau	   in	  the	  angle	  𝜃𝜃! 𝜔𝜔 	  observed	  at	  high	   frequency	   is	  a	  signature	  of	   the	  medium	  elasticity.	   In	  
conclusion,	  models	  show	  that	  the	  oscillation	  amplitude	  and	  shape	  in	  the	  asynchronous	  regime	  can	  have	  
a	  wide	  variety	  of	  behaviors	  as	  a	  function	  of	  the	  time,	  and	  that	  these	  behaviors	  depend	  on	  the	  elasticity	  
and	  on	  the	  relaxation	  time	  dynamics	  of	   the	  surrounding	   fluid.	   In	   the	  next	  sections,	   it	   is	  demonstrated	  
that	  a	  quantitative	  analysis	   is	  achievable	  and	  that	   it	   imparts	  the	  correct	  rheological	  parameters	  of	   the	  
surfactant	  solutions.	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Figure	  3:	  a)	  Average	  angular	  velocity	  𝛺𝛺(𝜔𝜔)	  as	  a	  function	  of	  the	  actuating	  frequency.	  The	  critical	   frequency	   is	  set	  
here	  at	  1	  rad	  s-­‐1.	  b)	  Variation	  of	  angle	  𝜃𝜃!(𝜔𝜔)	  for	  Newton	  and	  Maxwell	  models	  at	  different	  values	  of	  𝜃𝜃!	  (0,	  0.05,	  0.3,	  
0.8,	  2	  and	  5).	  	  
	  
	  
III.2	  –	  Wire	  rotation	  transient	  behavior	  
In	  Fig.	  4	  (upper	  panels	  a,	  b	  and	  c),	  a	  rotating	  magnetic	  field	  of	  15.3	  mT	  was	  applied	  to	  a	  8.1µm	  nanowire	  
immersed	   in	   the	   CPCl/NaSal	   solution	   at	   increasing	   frequencies,	   𝜔𝜔 =	   0.80,	   1.2	   and	   7.0	   rad	   s-­‐1,	  
respectively.	   The	   wire	   motion	   was	   monitored	   by	   optical	   microscopy,	   and	   their	   orientation	   time	  
dependence	  was	   derived.	   At	   low	   frequency,	   the	  wire	   rotates	   with	   the	   field	   and	  𝜃𝜃 𝑡𝑡 = 𝜔𝜔𝑡𝑡.	   Above	   a	  
critical	  value,	  here	    𝜔𝜔! 	  =	  0.88	  rad	  s
-­‐1,	  the	  wire	  is	  animated	  by	  back-­‐and-­‐forth	  motion	  characteristic	  of	  the	  
asynchronous	  regime.	  In	  this	  range,	  𝜃𝜃 𝑡𝑡 	  displays	  continuous	  oscillations.	  For	  this	  solution,	  the	  elasticity	  
related	  parameter	   is	  estimated	  at	  𝜃𝜃!	  =	  0.25	  (Eq.	  4),	  which	  is	  below	  the	  limit	  of	  1	  discussed	  previously.	  
The	  three	  lower	  panels	  in	  Fig.	  4	  (d,	  e	  and	  f)	  provide	  the	  𝜃𝜃 𝑡𝑡 -­‐traces	  for	  a	  15.7	  µm	  wire	  dispersed	  in	  the	  
CTAB/NaSal	   surfactant	   solution	  at	   frequencies	  𝜔𝜔 =	   0.02,	  0.45	  and	  4.0	   rad	   s-­‐1,	   respectively.	  Above	   the	  
critical	   frequency	   found	  at	     𝜔𝜔! 	   =	   0.07	   rad	   s
-­‐1,	   the	  wire	  exhibits	   sawtooth	  oscillations,	  where	   the	  back	  
motions	  are	  rapid	  and	  discontinuous	  on	  the	  time	  scale	  considered.	  	  
	  
	  
Figure	   4:	  Rotation	   angle	  𝜃𝜃(𝑡𝑡)	   as	   a	   function	   of	   the	   time	   for	  magnetic	   wires	   dispersed	   in	   CPCl/NaSal	   (a,b,c)	   and	  
CTAB/NaSal	  (d,e,f)	  surfactant	  solutions	  at	   increasing	  frequencies.	  For	  frequency	  higher	  than	  the	  critical	  frequency	  
𝜔𝜔!	   with	   is	   equal	   to	   0.88	   rad.s
-­‐1	   and	   0.07	   rad.s-­‐1	   respectively,	   the	   average	   angular	   velocity	   𝛺𝛺 =   𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑	   is	  
represented	  by	  a	  straight	  green	  line.	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For	  the	  CTAB/NaSal	  solution,	  the	  parameter	  𝜃𝜃!	  is	  estimated	  at	  3.2,	  that	  is	  above	  the	  limit	  of	  1	  discussed	  
in	   the	   previous	   section.	   These	   results	   are	   in	   agreement	   with	   the	   predictions	   found	   for	   surfactant	  
solutions	  with	   slow	   and	   fast	   dynamics.	   In	   particular,	   it	   is	   shown	   here	   that	   the	   value	   of	   the	   elasticity	  
related	  parameter	  𝜃𝜃!	  plays	  an	  important	  role	  in	  the	  oscillation	  behavior.	  	  
	  
III.3	  –	  Comparing	  Macro-­‐	  and	  microrheology	  
CPCl/NaSal	  surfactant	  solution	  
Fig.	  5a	  shows	  the	  viscosity	  frequency	  dependence	  for	  CPCl/NaSal	  at	  T	  =	  27	  °C.	  At	   low	  frequency,	  𝜂𝜂(𝜔𝜔)	  
exhibits	  first	  a	  plateau	  associated	  with	  a	  static	  viscosity	  𝜂𝜂!	  =	  1.0	  ±	  0.1	  Pa	  s.	  As	  the	  sweeping	  frequency	  is	  
increased,	  a	  decrease	  of	  the	  dynamical	  viscosity	   is	  observed	  and	   is	  well	  accounted	  for	  by	  the	  Maxwell	  
model	   (continuous	   line).	   Fig.	   5b	   shows	   the	   average	   angular	   velocity	  𝛺𝛺(𝜔𝜔)	   in	   semi-­‐logarithmic	   scale	  
obtained	  from	  the	  transient	  𝜃𝜃 𝑡𝑡 -­‐traces	  of	  Fig.	  4	  (𝐿𝐿	  =	  8.1	  µm,	  B	  =	  15.3	  mT).	  With	  increasing	  frequency,	  
𝛺𝛺(𝜔𝜔)	  passes	  through	  a	  maximum	  at	  the	  critical	  value	    𝜔𝜔! 	  =	  0.88	  rad	  s
-­‐1	  before	  decreasing.	  Least-­‐square	  
calculations	  using	  Eq.	  2	  provide	  an	  excellent	   fit	   to	   the	  data,	  and	  a	  static	  viscosity	  𝜂𝜂! = 1.3 ± 0.3	  Pa	  s.	  
Fig.	  5c	  displays	  the	  storage	  and	  loss	  moduli	  𝐺𝐺′(𝜔𝜔)	  and	  𝐺𝐺′′(𝜔𝜔)	  frequency	  dependence	  together	  with	  the	  
Maxwell	  model	  calculations	  (continuous	   lines).	  As	  expected	  from	  the	  model	   [2],	  𝐺𝐺′(𝜔𝜔)	  and	  𝐺𝐺′′(𝜔𝜔)	  are	  
found	  to	  cross	  at	  a	  modulus	  𝐺𝐺/2	  and	  at	  the	  angular	  frequency	  𝜔𝜔 = 1/𝜏𝜏.	  The	  𝐺𝐺′(𝜔𝜔)-­‐data	  are	  compared	  
to	   those	   of	   microrheology	   determined	   from	   oscillation	   amplitudes	   𝜃𝜃!(𝜔𝜔)	   obtained	   on	   two	   different	  
wires	   of	   length	   8.1	   and	   8.2	   µm	   (see	   columns	   #6	   and	   #7	   in	   Table	   I	   for	   experimental	   conditions).	   The	  
expression	  used	  to	  calculate	  𝐺𝐺′(𝜔𝜔)	  is	  an	  extension	  of	  Eq.	  3,	  namely:	  	  
𝐺𝐺! 𝜔𝜔 =
3
4
𝜇𝜇!Δ𝜒𝜒
𝜃𝜃! 𝜔𝜔
𝑔𝑔
𝐿𝐿
𝐷𝐷
𝐷𝐷!
𝐿𝐿!
𝐻𝐻!                                                                                                                                (5) 
The	   agreement	   between	  macro	   and	  microrheology	   is	   poor	   in	   the	   viscous	   regime	   (𝜔𝜔𝜔𝜔 ≪ 1),	   as	  𝐺𝐺 ! 𝜔𝜔 	  
microrheology	  data	  always	  exceed	  those	  of	  conventional	  rheology.	   In	  the	  elastic	  regime	  (𝜔𝜔𝜔𝜔 ≫ 1),	  the	  
agreement	  is	  fair,	  providing	  elastic	  moduli	  of	  6.8	  ±	  2.5	  Pa	  and	  9.5	  ±	  3.2.	  These	  results	  suggest	  that	  in	  the	  
asynchronous	  range,	  the	  back-­‐and-­‐forth	  motion	  is	  specific	  of	  the	  regime	  at	  which	  the	  fluid	  is	  tested,	  and	  
that	   the	  model	   predictions	   are	  well	   described.	   Finally,	   to	   test	   the	   robustness	   of	   the	   above	   approach,	  
wire	   spectroscopy	   experiments	   were	   performed	   on	   the	   same	   CPCl/NaSal	   surfactant	   solution	   using	   a	  
total	  of	  9	  wires	  of	  length	  between	  3	  and	  15	  µm,	  including	  the	  8.1	  and	  8.2	  µm	  wires	  discussed	  previously.	  	  
	  
Figure	   5:	   a)	   CPCl/NaSal	   surfactant	   solution	   dynamical	   viscosity	   at	   c	   =	   2	  wt.	  %	   and	   a	   temperature	   of	   27	   °C.	   The	  
continuous	   line	   is	  calculated	  according	  to	  the	  expression	  𝜂𝜂 𝜔𝜔 =   𝜂𝜂!/ 1 + 𝜔𝜔!𝜏𝜏!.	   Inset:	  schematic	  representation	  
of	   a	   cone-­‐and-­‐plate	   tool	   used	   in	   conventional	   rheometry.	   b)	   Average	   angular	   velocity	  𝛺𝛺(𝜔𝜔)	   in	   semi-­‐logarithmic	  
scale	  obtained	  with	  a	  8.1	  µm	  wire	  actuated	  under	  a	  magnetic	  field	  𝐵𝐵	  =	  15.3	  mT.	  The	  continuous	  line	  through	  the	  
data	  point	  is	  obtained	  using	  Eq.	  2	  and	  𝜂𝜂! = 1.3 ± 0.3	  Pa	  s.	  c)	  Elastic	  and	  loss	  moduli	  𝐺𝐺′(𝜔𝜔)	  and	  𝐺𝐺′′(𝜔𝜔)	  measured	  
from	  cone-­‐and-­‐plate	  rheometry.	  The	  continuous	  lines	  in	  grey	  are	  calculated	  according	  𝐺𝐺! 𝜔𝜔 = 𝐺𝐺𝜔𝜔!𝜏𝜏!/(1 + 𝜔𝜔!𝜏𝜏!)	  
and	  𝐺𝐺′′(𝜔𝜔) = 𝐺𝐺𝐺𝐺𝐺𝐺/(1 + 𝜔𝜔!𝜏𝜏!)	  with	  𝐺𝐺	  =	  7.1	  Pa	  and	  𝜏𝜏  	  =0.14	  s.	  The	  squares	  are	   from	  microrheology	  experiments	  
based	  on	  the	  back-­‐and-­‐forth	  oscillation	  amplitudes	  (Eq.	  5)	  for	  two	  different	  wires	  on	  length	  8.1	  and	  8.2	  µm.	  Inset:	  
microscopy	  image	  of	  the	  8.1	  µm	  magnetic	  wire.	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For	   each	   wire,	   the	   critical	   frequency	     𝜔𝜔! 	   and	   the	   oscillation	   amplitude	   high	   frequency	   limit	  𝜃𝜃!	   were	  
measured,	   from	  which	   the	   static	   viscosity,	   elastic	  modulus	   and	   relaxation	   time	  were	   derived.	   Table	   I	  
displays	  the	  experimental	  conditions	  used	  and	  imparts	  values	  for	  𝜂𝜂!,	  𝐺𝐺	  and	  𝜏𝜏	  in	  accordance	  with	  those	  
of	   cone-­‐and-­‐plate	   rheometry.	   Results	   in	   Table	   I	   indicate	   that	   for	   a	   better	   accuracy,	   it	   is	   desirable	   to	  
repeat	  the	  measurement	  under	  various	  experimental	  conditions.	  	  
	  
 microrheology rheology 
wires #1 #2 #3 #4 #5 #6* #7* #8 #9 cone-and-plate 
𝐿𝐿  (µμ𝑚𝑚) 3.0 3.3 5.0 6.3 8.1 8.1 8.2 12.5 14.8 n.d. 
𝐵𝐵  (𝑚𝑚𝑚𝑚) 14.8 14.8 14.8 10.4 10.4 15.3 10.4 7.3 10.4 n.d. 
𝜔𝜔!   (𝑟𝑟𝑟𝑟𝑟𝑟  𝑠𝑠
!!) 2.1 4.0 1.6 0.80 0.38 0.88 1.44 0.41 0.55 n.d. 
𝜂𝜂!  (𝑃𝑃𝑃𝑃  𝑠𝑠) 1.72 1.08 1.49 1.37 1.45 1.32 1.02 0.97 1.21 1.0 
𝜏𝜏  (𝑠𝑠) 0.15 0.12 0.14 0.17 0.16 0.14 0.15 0.12 0.13 0.14 
𝐺𝐺  (𝑃𝑃𝑃𝑃) 11.2 9.1 10.3 7.9 9.2 9.5 6.8 7.9 9.5 7.1 
	  
Table	  I:	  Viscoelastic	  parameters	  of	  a	  CPCl/NaSal	  wormlike	  micellar	  solution	  at	  2	  wt.	  %	  determined	  from	  Magnetic	  
Rotational	  Spectroscopy.	  The	  last	  column	  shows	  the	  values	  for	  the	  static	  shear	  viscosity,	  relaxation	  time	  and	  elastic	  
modulus	   obtained	   from	   cone-­‐and-­‐plate	   rotational	   rheology.	  Wires	   indicated	  with	   a	   star	   are	   related	   to	   the	   data	  
shown	  in	  Figs.	  5	  and	  6.	  	  
	  
	  
CTAB/NaSal	  surfactant	  solution	  
The	  dynamical	  viscosity	  𝜂𝜂(𝜔𝜔)	  obtained	  for	  CTAB/NaSal	  shows	  a	  strong	  decrease	  on	  the	  frequency	  range	  
tested	   (Fig.	   6a).	   For	   slowly	   relaxing	   micellar	   networks	   such	   as	   CTAB/NaSal	   at	   1	   wt.	   %,	   conventional	  
rheometry	   provides	   only	   a	   partial	   view	   of	   the	   rheological	   response.	   In	   particular,	   the	   low	   frequency	  
plateau	  regime	  is	  not	  accessible	  and	  as	  a	  result	  an	  estimate	  of	  𝜂𝜂!	  cannot	  be	  inferred	  from	  the	  data.	  The	  
rheological	  parameters	  are	  actually	  estimated	  from	  the	  storage	  and	  loss	  modulus	  asymptotic	  behaviors	  
instead.	  Note	  that	  for	  𝐺𝐺′′(𝜔𝜔),	  the	  fitting	  using	  the	  Maxwell	  model	  can	  only	  be	  achieved	  on	  a	  restricted	  
frequency	   range,	   reducing	   the	   measurement	   accuracy.	   Fig.	   6b	   displays	   the	   average	   angular	   velocity	  
𝛺𝛺(𝜔𝜔)	  of	  a	  15.7	  µm	  long	  wire	  dispersed	  in	  CTAB/NaSal	  (𝐵𝐵	  =	  14.8	  mT).	  	  
	  
	  
	  
Figure	  6:	  Same	  as	   in	  Fig.	  5	   for	  a	  CTAB/NaSal	  surfactant	  solution	  at	  c	  =	  1	  wt.	  %	  and	  a	  temperature	  of	  27	  °C.	  The	  
continuous	  lines	  in	  a)	  and	  c)	  are	  obtained	  using	  𝐺𝐺	  =	  1.7	  Pa	  and	  𝜏𝜏  	  =	  23	  s.	  The	  squares	  in	  c)	  are	  estimated	  from	  the	  
oscillation	  amplitudes	  in	  the	  asynchronous	  regime	  for	  two	  different	  wires	  on	  length	  15.5	  and	  15.7	  µm	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The	  data	  points	  exhibit	  characteristic	  features	  similar	  those	  discussed	  previously,	  and	  the	  application	  of	  
Eq.	  2	  accounts	  well	  for	  the	  data.	  From	  the	  resonance	  peak	  position,	  here	  at	     𝜔𝜔! 	  =	  0.07	  rad	  s
-­‐1,	  a	  static	  
viscosity	  value	  of	  𝜂𝜂!	  =	  30	  ±	  8	  Pa	  s	  is	  derived.	  The	  high	  frequency	  𝛺𝛺(𝜔𝜔)-­‐data	  exhibit	  larger	  error	  bars	  and	  
an	  increasing	  tendency,	  a	  result	  that	  could	  be	  related	  to	  the	  existence	  of	  the	  tipping	  instability	  similar	  to	  
that	  reported	  by	  Cappallo	  and	  coworkers	  [27].	  As	  for	  the	  storage	  and	  loss	  moduli	  𝐺𝐺′(𝜔𝜔)	  and	  𝐺𝐺′′(𝜔𝜔)	  (Fig.	  
6c)	   an	   oscillation	   amplitude	   analysis	   performed	   on	   two	   different	   wires	   of	   length	   15.5	   and	   15.7	   µm	  
provides	  elastic	  moduli	  of	  1.2	  ±	  0.3	  Pa	  and	  1.3	  ±	  0.4.	  These	  values	  are	  close	   to	   the	  1.7	  ±	  0.1	  Pa	   from	  
cone-­‐and	   plate.	   Results	   show	   here	   that	   for	   viscoelastic	   solutions	   with	   very	   long	   relaxation	   times,	  
magnetic	   rotation	   spectroscopy	   allows	   a	   rapid	   and	   thorough	   determination	   of	   the	   rheological	  
parameters.	  
	  
	  
IV	  -­‐	  Conclusion	  
We	   investigate	   the	  magnetic	   wire	   behaviors	   to	   determine	   the	   rheological	   parameters	   of	   viscoelastic	  
fluids.	  In	  this	  paper	  we	  focus	  on	  the	  rotational	  magnetic	  spectroscopy	  technique	  that	  provides	  the	  wire	  
motion	   response	   over	   a	   broad	   spectral	   range.	   Experiments	   are	   performed	   on	   two	  wormlike	  micellar	  
solutions	   formed	   by	   cationic	   surfactants	   using	   an	   electromagnetic	   device	   for	   wire	   rotation.	   The	  
actuating	   frequency	   is	   varied	   over	   an	   extended	   range,	   typically	   between	   10-­‐2	   to	   100	   rad	   s-­‐1.	   The	  
surfactant	  solutions	  were	  selected	  because	  they	  are	  analogues	  to	  Maxwell	  fluids	  with	  well-­‐understood	  
structures	   and	   dynamics.	   In	   particular,	   the	   comparison	   of	   wormlike	   micellar	   solutions	   with	   different	  
network	   relaxation	   times	   is	   emphasized.	   The	   main	   result	   emerging	   from	   the	   study	   is	   that	   wires	  
dispersed	   in	   the	   micellar	   fluids	   exhibit	   a	   transition	   between	   a	   synchronous	   and	   an	   asynchronous	  
rotation	   regime.	   A	  wide	   variety	   of	   rotational	  motions	  monitored	   by	   time-­‐lapse	  microscopy,	   including	  
steady	  rotation,	  oscillations,	  continuous	  and	  discontinuous	  back	  motions	  is	  monitored.	  These	  behaviors	  
are	   consistent	   with	   mechanistic	   models	   developed	   on	   the	   basis	   of	   Maxwell	   fluid	   environments.	   The	  
study	   of	   the	   wires	   angular	   velocity	   and	   oscillation	   amplitude	   allows	   a	   precise	   characterization	   of	  
surfactant	   solution	   rheological	   properties.	   Viscoelastic	   fluids	   presenting	   relaxation	   times	   greater	   than	  
the	   half	   of	   the	   inverse	   critical	   frequency	   are	   shown	   to	   display	   specific	   sawtooth	   oscillations	   in	   the	  
instability	   regime,	   a	   result	   that	   was	   not	   reported	   so	   far.	   Our	   findings	   pave	   the	   way	   for	   a	   rapid	   and	  
reliable	   determination	   of	   complex	   fluids	   rheological	   responses	   using	   the	   wire-­‐based	   microrheology	  
technique	  coupled	  with	  a	  simple	  data	  analysis.	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